This paper presents a UV lithography method that utilizes a UV-LED (ultraviolet light-emitting diode) array as a micropatterning light source for high aspect ratio polymer microstructure fabrication. The sidewalls of commercial 5-mm-diamater UV-LEDs were coated with an opaque polymer to suppress the side propagation of UV light and to enhance UV collimation, resulting in a maximum flare angle of 15°. The UV-LEDs were then assembled into a 10x10 array to form the light source. Although the flare angle of most conventional UV lithography tools is 2~3°, resulting in a slightly better light collimation quality, the polymer structures microfabricated with the UV-LED approach showed similar reproduction fidelity and similar exposure times to patterns fabricated using conventional lithography. The UV-LED approach has the potential for cost reduction as well as simplicity of initial system setup and management. This latter feature is of particular importance in advanced, inclined three-dimensional (3-D) lithography schemes to create complex 3-D structures. The UV-LED system has been demonstrated to perform satisfactorily in these advanced 3-D lithography schemes.
INTRODUCTION
UV lithography systems based on mercury lamp sources have traditionally been used in micro/nano patterning [1] . Modifications of these basic systems, such as deep UV lithography [2] and addition of UV filters [3] , can further enhance fine resolution patterning. In MEMS, mercury-lamp-based UV lithography has been further extended to encompass unconventional methods including thermal reflow processes [4] , multidirectional UV lithography [5] , diffuser lithography [6] , and timed-development and-thermal-reflow process [7] .
Recent advances in light emitting diode technology have resulted in LEDs that emit in the near ultraviolet. Such UV-LEDs have been used not only in conventional applications such as counterfeit detection (bills, credit cards, documents, etc.) and sterilization, but also as a microfabrication tool. Examples include a single UV-LED for direct write lithography [8] , and an array of LEDs in which the spatially nonuniform emission of the LEDs was exploited for microlens array fabrication [9] . Since the UV-LED has the advantages of simple operation and relatively low cost, yet produces high quality near-monochromatic light, it shows great potential for use in microfabrication. Table 1 compares the performance of UV-LEDs with a mercury lamp for several key parameters of interest for UV light source designers. It can be seen that the UV-LED shows performance very comparable to the conventional light source.
In this study, the efficacy of a 100-element array of modified UV-LEDs as a light source for conventional and advanced (3-D) UV lithography is assessed. The modification consisted of suppressing the high flare angle light of each UV-LED by means of an opaque blocking layer. The intensity distribution and attenuation as a function of distance of the array are measured. The performance of the UV-LED source is also compared to the performance of a conventional mercury-lamp-based lithography system.
SYSTEM SET-UP AND TEST
A 5mm through hole LED (RL5-UV0315-380, Superbrightleds, Inc) is adopted for the UV-LED exposure system. This ultraviolet LED has a single wavelength peak centered at 380 nm with a maximum radiant power of 30 mW. It has a clear epoxy lens situated on top of a transparent cylindrical package, resulting in a viewing angle of 15 degrees. In order to suppress the significant light leakage through the sidewall of the cylindrical package, the sidewall was coated with an opaque epoxy band to block any UV light emitted through the sidewall. Figure 1 shows a notional ray trace of light emitted from the LED and traversing to a photoresist-coated mask substrate. The photoresist (e.g., SU-8) in Figure 1 is illuminated using backside exposure (although note that the UV-LED technique is not restricted to backside exposure). After the UV light emerges from the LED lens, it has a 15° viewing angle, which is equivalent to a 7.5° half-flare angle incident upon the glass photomask. Application of Snell"s law results in a final refracted angle at the photoresist layer patterned to form LED interconnects. PCB IC sockets were mounted on the PCB to plug in the LEDs instead of directly soldering to the PCB for future possible replacement of LEDs as shown in Figure 3 (a). Each LED bulb received the opaque sidewall coating previously discussed. The completed UV light source is shown in Figure 3(b) where the 100 LED array covers an exposure area of 2 by 2 inches. The areal intensity distribution of the UV-LED array was obtained using the Olympus Wasabi imaging software package [12] . The intensity measurement image of the array is shown in the inset of Figure 4(a) , and the intensity of the captured image is plotted as shown in Figure 4(a) . The x-axis is the distance in cm and the y-axis is the relative intensity measurement. A reasonable areal uniformity is achieved. The intensity attenuation of the array as a function of distance was also measured and is shown in Figure 4(b) . As expected, the intensity decreases as a function of distance. In addition, the intensity distribution as a function of wavelength was measured for the UV-LED light source as well as a conventional UV lithography system (OAI, near UV mercury bulb) with an optical spectrometer (AvaSpec-3648). Figure 5 plots the measured relative intensity from each light source as a function of wavelength. As expected, the UV-LED source shows a single peak (near-monochromatic) characteristic, while the mercury lamp has typical multiple peaks shown at 365 nm, 405 nm and 436 nm respectively. Figure 6 shows a comparison of two triangular columnar SU-8 structures fabricated using a conventional aligner with a mercury lamp source (Figure 6a ) and the UV-LED array (Figure 6b ). Each was processed under the same soft-bake, post exposure bake, and UV exposure energy (1440 mJ) conditions. As can be seen, both exposure techniques produce structures with comparable features and resolution. To examine this further, and to demonstrate the utility of the UV-LED system, typical patterns in thicknesses of SU-8 widely used in MEMS processing, namely 15 µm, 50 µm, 70 µm, and 100 µm, have been exposed, developed, and assessed ( Figure 7) . The light intensity of the UV-LED system was set at 8 mW/cm 2 . The exposure dose of each sample is applied based on the SU-8 datasheet (MicroChem, Inc.), corresponding to 240 mJ, 320 mJ, 400 mJ, and 480 mJ respectively [13] . As can be seen, good reproduction of the patterns is achieved using the UV-LED array system.
ADVANCED UV-LED LITHOGRAPHY METHODS
One of the potential advantages of the UV-LED system is its ease of use in advanced SU-8 lithography approaches, including multidirectional, rotational, and timed-development-thermal-reflow lithography. Such techniques are being used to create structures in diverse application areas such as microfilters, scaffold structures for cell manipulation, and antenna structures for GHz and THz range applications. Previously, modifications to conventional aligners were required to perform these advanced lithographic methods, which may not be desirable in a shared fabrication environment. The UV-LED system is therefore tested in these applications to determine its suitability as a light source for advanced UV lithography.
Multidirectional UV-LED Lithography
Multidirectional UV lithography is a 3-D microfabrication scheme, based on conventional UV lithography, in which multiple UV exposures with different exposure angles relative to the photomask results in 3-D latent images in the photoresist [5] . A backside exposure scheme is typically utilized, in which the photoresist is coated on a prepatterned Cr mask to eliminate any air gap between the mask and the thick photoresist. Figure 8 shows various shapes of pillar arrays with 300 µm tall and 40 µm minimum feature size (aspect ratio exceeding 5) and inclined angle of 25° fabricated from the UV-LED system. 1440 mJ was applied as an exposure dose which is equivalent to 3 minutes exposure time with UV intensity setting at 8 mW/cm 2 . Unlike previous approaches, in which the sample had to be inclined relative to the horizontal exposure tool, the use of the lightweight, compact UV-LED array enabled the tilting of the light source (a 45° tilt angle) over a horizontally-held substrate. Defining the incident inclined angle of UV light by tilting the UV-LED source eliminates the need of an additional sample stage. Figure 9 illustrates the multiple-static exposure scheme where multiple UV light exposures are applied with different angles producing complex 3-D microstructures. For example, a four pillar array "micro cactus field" as shown in Figure 8 (c) resulted from a 4x UV-exposure at a tilt angle of 45° and a rotation of 90° between each of the four exposures. Figure 10 demonstrates a 3-D microhorn array by further utilizing an inclined rotational stage. To expose the horn pattern, the SU-8 coated photomask was rotated with inclined angle of 45° during the exposure process at a rotational speed of approximately 20 rpm.
UV-LED driven timed development and thermal reflow (TDTR) process
A fabrication process using timed development [7] in the deep via pattern of ultraviolet (UV) lithography with SU-8 and subsequent thermal reflow has been demonstrated to achieve rounded profiles. Concave profile on SU-8 coating was fabricated by time controlled developing on non-exposed area and followed by baking for thermal reflow. Fabricated concave patterns are micromolded by PDMS to produce a convex replica for microlens application as shown in Figure 11 .
CONCLUSION
UV lithography based on an array of UV-LEDs for conventional and three-dimensional exposure of thin and thick photoresists has been developed. The UV-LED approach shows the ability to create structures comparable to those from conventional mercury lamp sources with comparable exposure times. Further, the UV-LED approach has several advantages including simplicity of operation, low power consumption, and reduced system cost. Typical thicknesses of SU-8 resist, namely 15, 50, 70, and 100 µm, were successfully patterned. The UV-LED approach was also successfully demonstrated in advanced 3-D lithography, including single and multiple static inclined exposure and dynamic exposure schemes, and timed-development-and-thermal-reflow process. Highlighted complex 3-D microstructures such as micro star shape coupled pillar, micro clover horn, micro horn, micro convex lens, micro cactus field, and anchored micro groove structures were successfully fabricated. An advantage of the use of the UV-LED approach in these fabrication schemes is that modification of mask aligners to hold special stages is not required; instead, dedicated equipment for complex lithography can be easily constructed using this light source.
